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The series of experiments recorded in this communication were carried out 
at Port Erin ; the subsequent analyses for amounts of nitrogen fixed were 
made at the temporary laboratory of the Department of Applied Physiology, 
M.R.C., at the Lister Institute. 

The results of the series confirm and amplify those obtained with fresh- 
water algae,* which showed a convincing uptake of nitrogen from the air, but 
on account of the change of the medium of growth from fresh to sea water, 
there are several important modifications in the medium itself as well as in 
the growing algse, which appear to us to possess considerable importance in 
the annual life of the sea, and in the inductance at certain definite periods of 
the year of increased processes of cell-division and reproduction of species, 
and possibly in guiding the development of variations in species, and the 

■^ Moore and Webster, 'Roy. Soc. Proc.,' B, vol. 91, p. 201 (1920). 
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process of evolution. The details of seasonal variation in growth resulting 
from intensity of illumination will be given in a subsequent paper ; here will 
be considered the changes in the algae and the sea water due to the action of 
light apart from seasonal variations. • 

There is in the case of marine plants none of that uncertainty which 
obtains in the case of the higher terrestrial plants as to how much of the 
nitrogen being built into organic compounds comes from the roots. Even in 
the case of such massive plants as Laminaria and Fucus it is obvious that the 
I'oots are merely modes of attachment to the rocks, and that the whole plant 
is built up from the sea water. It is an impossibility that nitrogen could be 
extracted from the hard stones to which the plants are anchored, and in the 
case. of the floating diatoms, and other minute green cells, which form the 
phyto-plankton, floating free in the sea, it is clear that the whole organism is 
formed from the sea water. Hence the entire plant life of the sea is produced 
by the action of sunlight upon the water of the sea and 'its dissolved 
constituents. In so far as sources of ready formed and easily absorbable nitro- 
genous compounds are concerned, the sea water is remarkably poor, and the 
volumes of sea water necessary to feed the algae with nitrogen, were this the 
source, would be immense. Thus, Gobbing* found the amount of nitrogen as 
ammonia present in sea water to be only 0*05 mgrm. per litre, and the amount 
as nitrite plus nitrate as 0*47 mgrm. per litre.f These results are confirmed 
by some to be given later in this paper. 

This paucity of nitrogenous compounds in sea water, while it indicates that 
the nitrogen of the plant tissues is probably derived from the dissolved 
elemental nitrogen of the atmosphere, is not however clear proof, for the sea 
water, for example, contains but a trace of that silica from which the 
skeletons of the diatoms are derived. It might be argued that in the restless 
movement of the sea the volume of water which daily laved the plants was 
ample to compensate for the small amount of dissolved nitrogenous compounds 
in the water. To settle this query it is obviously necessary to grow marine 
algse in a limited volume of sea water and then to determine the amount of 
nitrogen fixed. If this latter many times exceeds the amounts of nitrogen 
present as ammonia, nitrites, and nitrates in the sea water used, then clearly, 
for here there is no soil to obscure the issue, this fixed nitrogen must come 
fronpi the dissolved nitrogen in the sea water, which in turn came from the 
nitrogen in the air. 

"^ J. Gebbing, ' Centralb. f. Bacteriol., 2. Abth.,' vol. 31. 

t Cf, also Moore, Edie, Whitley, and Dakin, "The Nutrition and Metabolism of 
Marine Animals," * Biochem. Journ.,' vol. 6, p. 255 (1912) ; Raben, ' Wissensch. 
Meeresuntersuch., Kiel,' vol. 8 (1905)., 
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This has been done in the experiments recorded below, with the clearest 
proof that marine algae do so fix their nitrogen. 

As photo-synthesis proceeds, and the supply of carbon is drawn from the 
dissolved bicarbonates, the reaction of the nutrient medium becomes all the 
time more alkaline.* The increased alkalinity can be used as a measure of 
the photo-synthetic activity, and was so employed by Moore, Prideaux, and 
Herdmanf in determinations made at Port Erin during the years 1912-1915, 
and subsequently by Osterhout and Haas.^ It is interesting to note the 
level to which this enhanced alkalinity can attain without destroying the 
green cell which is producing it. Angelstein§ found that, in solutions 
containing one part of bicarbonate to two of carbonate, the plants continued 
to give off oxygen. Osterhout and Haas determined by the titration method 
that the alkalinity can be increased until it reaches a level represented by 
Ph = 9, Moore, Prideaux, and Herdman having previously fixed the limit at 
Ph— less than 9*1, the last-quoted observers further pointing out that this 
corresponds to the point at which all the bicarbonates have been converted 
into carbonates, and this has again been confirmed in the present experi- 
ments. 

If a sample of normal sea water be titrated with centinormai acid in the 
presence of a stable indicator such as "di-methyr* or "methyl-orange," a 
figure defining the entire content of alkali present as bicarbonate is obtained. 
This figure scarcely ever varies with season or otherwise, and amounts to 
about 24 c.c. of centinormai alkali per 100 c.c. of sea water. If, now, some 
sea water be taken, and a green algal growth be exposed in it to bright 
daylight or sunshine, so as to produce as intense a degree of photo-synthesis 
as possible, and then the amounts of normal carbonates formed from 
-bicarbonates, as carbon is synthesised into organic compounds, be deter- 
mined by titrating the alkalinity to an indicator such as phenolphthalein, it 
will be found that the limit is just about half the preceding value, namely, 
12 c.c. of centinormai alkali per 100 c.c. of sea water. This limit marks the 
point at which all the bicarbonates of magnesium and calcium present in the 
sea water have become converted into normal carbonates. If photo-synthesis 
passed this point, free hydrates of magnesium and calcium would commence 
to be present in the sea water, and there would be a correspondingly 

* See Czapek, ' Bio-chemie der Pflanzen,' 2nd edition, vol. 1, pp. 518, 519, where 
numerous references may be found. 

t " Report on the Lancashire Sea-Fisheries Scientific Investigations for 1914,'^ 
Herdman, * Trans. Biological Society of Liverpool,' vol. 29, p. 171 (1915). 

I " On the Dynamics of Photo-synthesis," ' Jnl. of General Physiology,' vol. 1, p. 1 
(1918). 

§ * Cohn Beitrage,' vol. 10 (1911). 
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rapid increase in hydroxyl-ion concentration and fall in hydrogen-ion 
concentration. 

It is this accumulation of alkali which limits photo-synthesis by killing the 
cell, for up to quite close to this " all-carbonate " point the cell flourishes and 
synthesises rapidly, but if kept for some time by too violent exposure to 
sunlight at this point, the algse turn yellow and the growth is killed, for 
there is no recovery, even if removed from the strong light. The degree of 
alkalinity reached by the green cell before death is, however, remarkable. 
It is much greater than anything which can be borne by any mammalian 
cell, and even by any delicate marine animal organism, such as a developing 
embryo plaice or a fertilised echinus egg. 

The increase of hydroxyl-ion concentratioji and corresponding decrease in 
hydrogen-ion concentration are such that the water shows a full pink with 
phenolphthalein, and is more alkaline than the full strength of the deci- 
normal " alkaline phosphate " (lsra2HP0i) in the Sorensen phosphatic mixtures 
for determination of hydrogen-ion concentration. This means, expressed in 
the usual logarithmic notation, a concentration of less than Ph, 10~^*^ 

This increase of alkalinity is about equal to that shown in 1905 by Moore, 
Eoaf, and Whitley* to promote disordered cell-division, and, later, death in 
the dividing cells of fertilised echinus eggs. Now, when the sunshine is 
strong in Spring and Summer, in every pool upon the seashore above half- 
tide level, when isolated from the sea, such active photo-synthesis must 
proceed with development of alkalinity, and such changes must have a marked 
effect upon any animal forms of life in the pool. Such environmental 
changes, with their stimulating action upon cell-division may play a part in 
originating deviations and producing variations. In Winter such influences 
would be slight, but as the Spring days lengthen and the altitude of the sun 
increases their power augments and reaches a maximum just as reproductive 
processes and rapid cell-division are at their height. In the experiments 
recorded below, in order to prevent death from alkalinity, a supply of 
carbon, dioxide was given by blowing air from the lungs through the sea- 
water in which those algse were immersed, which were exposed to full day 
or sunlight whenever the titrations showed an approach to the lethal limit. 

The main series of experiments was carried out during the period of 
March 28th till April 5th, 1919, in two sets of twelve each of the Kilner 
fruit-preserving jars, each of about 800 c.c. capacity and provided with air- 
tight screw-down lids, as described in a previous paper.f Afterwards, for 
purposes of analysis, the two sets at the end were combined and preserved 

^ Moore, Eoaf, and Whitley, *Eoy. Soc. Proc.,' B, vol. 77, p. 102 (1905). 
t Moore and Webster, loc, cit. 
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together. As there were two similarly treated jars in each set, the Kjeldahl 
determinations for nitrogen came to be made upon the contents of four jars ; 
thus a good average was obtained. 

The green sea- weed utilised was Enteromorpha compressus, which grows 
abundantly in the open wooden runnels supplying the freshly-pumped-up 
sea water to the ponds of the Fish Hatchery. This weed is well suited to 
the purpose because it is easily divided and can be accurately weighed out in 
definite amount. A quantity of the Enteromorpha was gathered and relieved 
of excess of sea water by pressing gently between folds of filter paper. It 
was then weighed out into 0*5-grm. quantities, and one of these quantities 
was placed in 200 c.c. of fresh sea water in each Kilner jar. Nothing save 
the weed and water was added to any jar. The first dozen jars were started 
on the morning of March 28th, and the second set on the afternoon of t|ie 
same day ; they were pickled together in absolute alcohol as preservative on 
the morning of April 5th, and also the waters in which they had grown were 
taken away for analysis, with the results given below, 

Th^ two sets were treated identically as to exposures, and the first set may 
be taken as an example for both : — 

Nos. 1 and 2. — Kept with lids tightly screwed on in such daylight and 
sunlight as were available outdoors. 

Nos. 3 and 4. — Ditto, but instead of tightly screwed-on lids, these were 
covered above only with a double layer of muslin, so that there was free 
access of atmosphere. 

Nos. 6 and 6. — Exposed to difiCuse light only indoors on shelf in laboratory, 
with lids tightly screwed on. 

Nos. 7 and 8. — The same as to light, but open, with muslin covers only. 

N^os. 9 and 10. — Kept in complete darkness in cupboard with lids tightly 
screwed on. 

Nos. 11 and 12. — Also kept in darkness in cupboard with muslin covers 
only. 

At intervals, as noted in the subjoined Table, a quantity of 100 c.c. of 
sea water was taken from one jar of each type of exposure, four drops of 
0*5 per cent, of phenolphthalein were added, and the water was titrated to 
neutrality with the results shown. Then 100 c.c. of fresh sea water were 
added to restore the former volume, and the jar restored to statu quo as to 
exposure. The samples of weed in each set of four jars with identical 
exposures did not during the experiment ever receive more than 1000 c.c. of 
sea water in all. Samples of fresh sea water, and of that from the jars open 
in sunlight, were analysed for amino-nitrogen by Kjeldahl destruction and 
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Hesslerising at the termination of the experiment, and the amount in each 
case was found to be 1*3 mgrm. per litre. Also, in each case, analysis for 
nitrite and nitrate gave in both cases 1 in 10 milHon to 1 in 15 million 
expressed as nitrogen. It follows that the nitrogen converted by the growth 
in light of the algae could not be obtained from combined nitrogen as 
ammonia, nitrite or nitrate. The only other available source is dissolved 
nitrogen in the sea water derived from the air.* 

A glance at the fifth column of the Table given below shows that tlie four 
jars, closed air-tight but kept in sunshine, fixed nitrogen almost as rapidly as 
the open jars in sunshine. This furnishes proof that the source of the 
nitrogen fixed is not the nitrogen peroxide, or so-called ozone, of the air, but 
the elemental nitrogen. This does not, of course, exclude nitrogen peroxide 
as a nutrient and a stimulant ; experiments in the preceding communication 
by Moore and Webster on fresh water algae have shown that dilute nitrogen 
peroxide can so functionate. But both series of experiments agree in proving 
that, given an ample supply of carbon — either as carbon dioxide or as 
bicarbonate, and the presence of light-energy, then elemental nitrogen from 
the air in solution in the nutrient medium can be fixed and built up into 
organic compounds. At the conclusion of the series of experiments, the four 
samples of weed in each set of four bottles were separated from the sea 
water, united, pressed between filter papers, and the moist weight taken. 
As at the outset, 0*5 grm. was weighed out into each, jar ; the initial weight 
in each set was 2 grm. 

After weighing, each set of weed was placed in a wide-mouthed glass - 
stoppered bottle, and preserved in a quantity of about 80 c.c. of absolute 
alcohol. 

When the analyses were started, the preliminary step in each case was to 
evaporate off the alcohol in a weighed capsule, add the preserved weed, and 
dry to constant weight ; these dried weights are recorded in Column 4 of the 
Table. Then each dried weight was analysed for nitrogen by the usual 
Kjeldahl method, and the results are given in Column 5. 

Commentary on Table Z — The figures given in Column 2 show the alkalinity 
developed by the photo-synthesis. Notice how much greater it is in full light 
than in diffuse light, and that in complete darkness it becomes negative 
because the carbon dioxide discharged in oxidative processes in darkness 
renders the sea water acid to phenolpthalein. The normal sea water at this 
period possessed an alkalinity to this indicator represented by about 2*5 c.c. 
per 100 c.c. of sea water. The alkalinity tends to rise higher in the "shut" 
jars in sunshine, because in the " open " jars in sunshine the atmospheric 

* See note at end of paper. 
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carbon dioxide can enter through the muslin and partially re-neutralise the 
normal carbonates of magnesium and calcium formed. 

Table I. — Fixation of Nitrogen by Marine Alga3. Experiment of 
March 28- April 5, 1919 (seven days' interval). 



1. 


2. 


3. 


4. 


5. 


Nature of exposure. 


Titration in 

c.c.'s of N/LOO 

acid in 100 c.c. 

of sea water 

required to 

neutralise to 

phenolphthalein. 


Wet weight at 

end. Initial 

weight in each 

case, 2 grm. 

in 800 c.c. 

'sea water. 


Dry 
weight at 

end in 
grammes. 


Total 
nitrogen by 
TCjeldahl. . 
In milli- 
grams. 




April 2. April 5. 




■ 




1. Sunlight, in shut jars, out- 


13 -3 1 9 -7 


2-57 


0-476 


11-3 


doors 












2. Sunlight, in o^en jars, out- 


6-7 


9-7 


2-38 


0-457 


12-4 


doors 












3. Diffuse light, no direct sun. 


0-4 


3-4 


1-71 


0-284 


8-7 


on shelf indoors. Shut jar 












4. Same exposure as No. 3, but 


0-0 


+ 1-7 


1-47 


0-285 


8-0 


jars open 












5. Darkness, in cupboard. Shut 


-1-7 


-1-4 


1-45 


-259 


9-4 


jars 












6, Same as 6, but iar onen 


-1-2 


-0-3 


1-50 


0-275 


9-5 


' «i J; 



It is of some interest to make a rough calculation of the quantities of fixed 
carbohydrate, protein or fat that these amounts of fixed carbon dioxide, as 
estimated from the titrated increases of alkalinity, would account for during 
the period of experiment. Taking the mean of the two amounts of 
alkalinity upon the two days observed, viz., 13*3 and 9*7, one obtains 11*5. 
Deducting 2*5 c.c. for the level of normal sea water at this period of the year 
the result is 9*0 c.c. of centi-normal alkali resulting from photo-synthesis per 
100 c.e. This change occurred in 800 c.c. in each set for a period of seven 
days. This works out at 500 c.c. of centi-normal alkali during the period. 
Now 1000 c.c. of normal alkali corresponds to 12 grms. of carbon fixed, and 
on this basis the carbon fixed is 60 mgrm. This would correspond, on the 
basis of 45 per cent, of carbon in carbohydrates, 60 per cent, in proteins and 
75 per cent, in fats, to a fixation of 130 mgrm. of carbohydrate, 100 mgrm. of 
protein or 80 mgrm. of fats. 

Turning now to the increased moist weight during the experiment from 
2*00 grm. to 2*57 grm. and taking the dry weight at the end of 0*476 grm., the 
increase in dried weight works out at 106 mgrm. 

There is thus a close correspondence between the increase in weight and 
that which would be expected, viz. : increase in dried weight found 106 mgrm. ; 
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expected increase in dried weight if all were converted into carbohydrate, 
130 mgrm. ; expected increase if all protein, 100 mgrm. ; expected increase if 
all fat, 80 mgrm. 

If next the increase in the nitrogen be considered, this amounts to about 
3 mgrm. which corresponds to about 20 mgrm. of protein, the remaining 
80 to 90 mgrm. fixed would therefore represent the carbohydrates and fats. 

Addendttm on Nitrogen-fixing Bacteria. 

Our attention has been drawn to the fact that three different observers* 
have demonstrated that the surface of the ordinary large sea weeds is 
regularly colonised by nitrogen-fixing bacteria, and it has been stated that 
these bacteria have been identified with the nitrogen-fixing bacteria known 
in soils. 

Eeinke states that nitrogen bacteria were found without exception on all 
the marine algse of Heligoland sent to the Botanical Institute at Kiel for 
examination. The thoroughly washed alga was placed in a suitable nutritive 
medium and there followed a heavy development of Azotobacter and corre- 
sponding fixing of nitrogen from the air. 

In Keutner's experiments small pieces of various algae were introduced 
into a culture medium and in about ten days the fluid became turbid and a 
scum was formed on the surface of the water and on the pieces of sea weed. 
The bacteria could be identified in the slime on the alga3. Experiments made 
on fresh-water plants gave the same results. This observer definitely states 
that the culture flasks were kept either in a closed chest or cupboard or in a 
thermostat — that is to say, in the dark. 

Keding's work is a continuation and development of the foregoing, and the 
statement that the algee-colonising bacteria are the same as those known in 
soils can probably be traced to his finding that the Azotobacter of the Baltic 
and that of the land " sich wenigstens in den in Betracht kommenden physio- 
logischen Eigenschaften identisch verhalten." This at least is the only 
evidence that we are able to find for such a conclusion. 

With the above results before him, Hermann Fischerf is inclined to 
attribute to the action of bacteria, in the majority of instances, such cases of 
fixation of nitrogen by green plants as have hitherto been recorded, and holds 
that in every case where a claim is made to have observed such fixation a 
need exists for proof that the technique was perfect. 

* Eeinke, * Ber. deut. hot. Gesell.,' vol. 22, p. 95 (1904) ; Keutner, * Wissen. 
Meeresuntersuch., Kiel,' vol. 8, p. 27 (1905) ; Keding, ibid., yoI. 9, p. 275 (1906). 

t "Das Problem der Stickstoffbindung bei Pflanzen," 'Ber. deut. hot. Gesell.,' vol. 35, 
pp. 423-454 (J.917). 



Studies of Photosynthesis in Marine Algce. 59 

It is to be regretted that we had not the results above quoted before us 
when starting our series of experiments, and that in consequence no special 
precautions were taken to exclude nitrogen-fixing bacteria from our jars. Yet 
in our opinion it may be reasonably assumed that their presence did not 
seriously affect the results obtained, for the following reasons:— 

(1) What we consider to be definitely proven as a result of these and 
former experiments above referred to is the utilisation of solar energy for 
the purpose of nitrogen fixation. Column 5 in the Table shows a marked 
difierence in the amount of nitrogen, fixed according as the sea-weeds were 
exposed to sunlight, or kept in weak light, or in the dark. It appears to us 
to be a point of secondary importance whether that energy is so utilised by 
the alga itself or by an associated bacterium. If the effects observed are to 
be ascribed to the latter, it would be a novel experience to find a chlorophyll- 
less organism so functioning in relationship to light, and the proof that it 
could do so would be of unsurpassed interest in relation to the problem 
of the origin of life in a chlorophyll-less world. 

(2) It is to be noted that, in order to get nitrogen fixed in appreciable 
quantities, previous observers have found it necessary to grow their bacteria 
in appropriate culture media containing small quantities of glucose, mannitol, 
or other organic compounds, as well as the inorganic phosphates, etc. These 
media in due course became turbid, and bacterial scums were formed. Our 
experiments were carried out in pure sea water only, and, during the eight 
days that they lasted, there was no sign whatever of bacterial growth. The 
water remained perfectly clear throughout, and there was no indication of a 
scum on water or weed, either in the jars exposed to sunlight or those kept in 
the dark. From this, one may legitimately conclude that the nitrogen- 
fixing bacteria, if present, had not multiplied to any great extent nor 
sufficiently to account for the results obtained. 



Summary. 

1. Marine algae, like fresh-water algse, can fix elemental nitrogen from 
water and thus indirectly from air, in presence of sunlight, but not in darkness. 

2. The store of bicarbonates of calcium and magnesium present in sea 
water furnishes an abundant source of carbon dioxide utilisable for carbon 
fixation, and as fixation proceeds the sea water becomes more alkaline. The 
limit of alkalinity is that at which all bicarbonates have become converted into 
carbonates, and at this point the potential of hydrogen-ion concentration has 
fallen below the value Ph = 10""^'^ 

3. In the strong sunshine of Spring and Summer this degree of alkalinity 

VOL. XCII.— 'B. y 
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is sufficient to favour increased rapidity of cell-division and induce abnormal 
and varying forms. 

4. Marine algse grown in a limited volume of water and a limited supply of 
air in sunlight and full daylight fix both carbon and nitrogen rapidly into 
organic compounds. The amount of nitrogen fixed exceeds many times the 
total nitrogen originally present as ammonia, nitrite, or nitrate in the water. 
Moreover, the small initial amounts of nitrogen present in these forms are 
not decreased. It follows that the only available source is the free nitrogen 
of the atmosphere. 



Studies on Synapsis. III. — The Nuclear Organisation of the 

Germ Cells in Libellula depressa. 

By Lancelot Hogben. 
(Communicated by Prof. E. W. MacBride, F.R.S. Received October 15, 1920.) 

[Plates 4-7.] 

An impressive array of facts in support of the chromosome hypothesis has 
been elucidated by the researches of cytologists during the past two decades; 
nevertheless the paucity of direct objective evidence for the integral con- 
tinuity of the chromosomes through all stages of nuclear history still 
presents a barrier to unqualified acceptance of its validity. Such knowledge 
is not only essential to a convincing presentment of the chromosome hypo- 
thesis : it has furthermore a very intimate bearing upon the interpretation of 
synapsis. 

The earlier workers, following Flemming, interpreted the prophase and 
telophase organisation of the nucleus as a continuous spireme : this notion 
rapidly hardened into a dogma, which not only handicapped further inquiry 
into the problem of the constitution of the resting nucleus, but proved to be 
a source of much confusion respecting the significance of the events in the 
meiotic phase. How far theory even succeeded in overriding fact may be illus- 
trated sufficiently by a quotation from a paper that has exerted a powerful 
influence on cytological theory.* In reference to the spermatogonial 
prophases of Periplaneta, the authors state correctly, " the method of 
chromosome formation here depicted presents nothing exactly comparable to 
the long spireme thread which is figured in so many existing accounts of the 

* 'The Meiotic Phase in Animals and Plants.' 



